Standard treatment for glioma includes surgery, radiotherapy and chemotherapy but the outcome of patients is very poor. Antineoplastic drugs are usually administered alone or in combination for variable times (continuously or in cycles) in a single phase schedule. In this study we explored in vitro the antiproliferative effect of a 2 phases treatment. In the first phase, glioma cells were treated for 3-4 weeks with hydroxyurea (HU) or aphidicolin and then for 4-8 weeks with salinomycin, a drug that preferentially inhibits the proliferation of cancer stem cells. We found that salinomycin, is able to slowly deplete the fraction of glioma cells that survive the exposure to HU or aphidicolin. Surviving cells were killed at salinomycin concentrations lower than those required to kill untreated cells. The fraction of surviving cell showed traits of senescence including increased activity of the senescence associated -β-galactosidase (SA-β-gal) marker. Our data suggest that drug-induced senescent cells may constitute a novel target for cancer treatment and can be exploited in a two phases therapeutic regimen.
Introduction
The standard treatment for gliomas includes surgery, radiation and chemotherapy. 1 Antineo plastic drugs are administered alone or in combination. Typical administration of temozolomide, the most used drug for gliomas, as single agent is 5 days every 28-day cycle. 2 This regimen offers little benefit. 3, 4 Alternative regimens are undergoing clinical trials 5 but the hope to find a successful treatment is low since a result from a 21 days every 28 days regime does not improve survival. 6 When used in combination, 2 or more antineoplastic drugs are often administered simultaneously. 2, 7 Despite numerous studies evaluating different drugs combinations for short cycles or prolonged continuous administration the prognosis of patients carrying malignant gliomas is poor and most patients die within 14 months. 1, 3, 4 Therefore, it is important to develop new therapeutic regimens and/or find new targets for treatment. In addition, the presence of chemotherapy resistant cells associated with a stem cell phenotype suggests that successful treatment of gliomas will require the elimination of 100% of cancer cells. 8, 9 We recently showed that a fraction of glioma cells are able to survive prolonged exposure to high concentration of HU or aphidicolin. The surviving cells were able to resume growth when the drugs were removed from the culture media. 10 We speculated that the fraction of surviving cells, although resistant to HU or aphidicolin, may have become sensitized and could be eliminated using a second phase treatment with a different drug. On the other hand, the potential specific effects of salinomycin on cancer stem cells (see below) make this substance a good candidate to eliminate the fraction of surviving cells that are usually associated with the fraction of stem cells present in cell lines and tumours. 11 Salinomycin is a polyether antibiotic commonly used as an anticoccidial drug, it is a highly selective potassium ionophore and a p-glycoprotein inhibitor 12 that acts as a specific inhibitor of cancer stem cells 13 and overcomes ABC transporter-mediatedmultidrug and apoptosis resistance in stemlike cells. 14 However, the effective salinomcyin concentration against cancer stem cells may be highly toxic. 15, 16 and this could prevent its use as conventional anticancer drug. The aim of this study was develop a novel in vitro two phase treatment to eliminate 100% of cancer cells by depleting HU-or aphidicolin-resistant glioma cells with lower (and likely less toxic) concentrations of salinomycin.
Materials and Methods

Reagents and enzymes
Dimethylsulfoxide (DMSO), hydroxyurea (HU), aphidicolin, salinomycin and temozolomide were purchased from Sigma (Sweden). All other reagents were of analytical grade or the highest grade available.
Cell lines
Stock cultures of human DBTRG-05MG glioma cell line were obtained from the European Collection of Cell Culture (ECACC). Cells were routinely cultured as previously described in RPMI-1640 supplemented with 10 % serum, 1% HT, 2 mM glutamine and 1 mM Sodium pyruvate. 10 
Preparation of drugs
Aphidicolin, salinomycin and temozolomide were prepared as stock solutions (2.5 mM, 10 mM and 100 mM respectively) in DMSO and stored at -20 °C. HU was diluted in distillate sterile water and stored at -20 °C as 1 M stock solution. The final dilutions were done in culture media, keeping the DMSO concentration below 1% (v/v).
Experimental procedures
Short term proliferation assay DBTRG.0.5 MG cells were plated in 96 well microplates (~5,000 cell/well) and allowed to adhere overnight. Drugs at the appropriate concentration were added and incubated for 72 hours. Cell viability was measured by the cell counting kit (CCK Kit, Sigma, Sweden) following manufacturer's instructions. Drug effects were tested in three independent experiments performed by quadruplicates.
Long term proliferation assay
For prolonged effect of drugs on cell cultures, cells were plated in 96 well microplates (~5,000 cells/well) and allowed to grow for 3-4 days. Drugs were then added and maintained for 1-2 weeks (media and drugs were changed twice a week). After that, cells were incubated in drug-free media (changed twice a week) for 2-4 weeks. Re-growth was evaluated using a routine inverted microscope as previously described. 10, 17, 18 This long term assay was repeated independently and the number of wells used for each treatment and controls are indicated in the respective figures. Detection of senescence associated -β-galactosidase (SA-β-gal) activity Staining was performed as described by Dimri et al. 19 Drug-treated cells were washed twice with PBS and then fixed for 4 minutes at room temperature in freshly prepared solution of 3% formaldehyde in PBS. The cells were washed again with PBS and incubated at +37°C (without CO2) with X-gal staining solution, consisted of 1 mg/mL of 5-bromo-4-chloro-3-indolyl b-D-galactoside, 40 mM citric acid sodium phosphate pH 6.0, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl and 2 mM MgCl2. Staining (characteristic blue color) was observed within 2h but maximal detection was noted at 12-16h. As negative control, untreated cells seeded at ~55,000 cells/mL, were allowed to proliferate for 3 days and processed simultaneously with experimental samples.
Statistical analysis
One-way ANOVA with Newman-Keuls multiple comparisons post test was performed using GraphPad Prism version 5.04 for Windows, GraphPad Software, San Diego California USA, www.graphpad.com.
Results
DBTRG.05MG cells survived prolonged exposure to HU and aphidicolin and resumed growth in an stochastic manner
We previously reported that DBTRG.05MG human glioma cells can survive prolonged exposure (up to one month) to high concentration HU (10 mM) or aphidicolin (2.5 µM) and can resume growth forming a monolayer when re-incubated in drug-free media as early as within 2 weeks. 10 We report here that the fraction of surviving cells when re-incubated in drug free media re-enter the cell cycle in a stochastic way: in some wells re-growth (proliferation) was observed as early as after 2 weeks of incubation in drug-free media while in other wells the surviving cells remained viable for longer and variable periods and proliferation was observed after any time point between 3-10 weeks. We also observed that in some wells, cells remained viable, without evidence of proliferation for up to 3-4 month.
In a typical experiment for the present study, performed in 96 wells, re-growth was observed after two weeks in few wells (2/96 and 4/96 for 10 mM HU and 2.5 µM aphidicolin, respectively). Additional re-growth was observed in other wells at week 3 and 4 ( Figure  1 ). The treatment for 4 weeks with either HU or aphidicolin left very few surviving cells in all wells suggesting that the very low percentage of re-growing cells might be due to the harsh conditions. For this reason, we next treated cell with aphidicolin for only 3 weeks and evaluated regrow after 1-4 weeks. In this experiment, a higher number of surviving cells in each individual wells was found and, as expected, a high number of regrowing cells was observed (Supplementary Table 1 ).
Salinomycin inhibited proliferation of DBTRG.05MG human glioma cells
We evaluated the antiproliferative effect of salinomycin on glioma cells. In short term assays (72 h) the IC50 was 1 µM (Figure 2A) . The effect was similar in complete and serum free media (that usually favour the growth of cancer stem or stem-like cells). Because the IC50 predicts the LC100 by interpolation, we determined the RC0 parameter experimentally. The RC0 determines the minimum time and concentration required to kill 100% of cells using a long term assay. 10, 18 We found that exposure to 5 µM salinomycin for at least one week was required to kill 100 % of cells and to prevent re-growth (RC0= 5 µM, one week, Figure 2B ).
Salinomycin prevented re-growth and slowly depleted surviving cells
We tested the effect of salinomycin on the fraction of cells that survived prolonged exposure to HU. In these experiments, cells were treated as described before for 4 weeks and then incubated with salinomycin (0.1, 0.25 or 0.5 µM) or DMSO alone (control) for another 8 weeks. It was found that 0.5 µM salinomycin was able to prevent re-growth of surviving cells. Moreover, this salinomycin concentration slowly killed these cells. In drug-free media wells (control cells); at week 6 after reincubation 1/24 wells showed re-growth and in the rest of the wells (23/24) some cells remained viable. In contrast, in 0.5 µM salinomycin treated wells, the number of cells gradually decreased with time until no visible viable cells was observed in any well (0/24, Figure 3A and 3B, panel I). Evaluation of the same experiment at week 8 showed re-growth in one additional control well and non-viable cells were observed in only one well. At this time point, no additional re-growth was observed in 0.5 µM salinomycin treated wells ( Figure 3B on surviving cells. The rationale for this choice is based on the fact that in wells containing non-viable cells re-growth will not be observed while in well containing viable cells re-growth can be observed at variable times ( Figure 1 ). This is important, because a single event of regrowth in any well is clinically equivalent to relapse of a tumour. Figure 3C shows
cells (data not shown).
Since, as mentioned above, the treatment with either HU or aphidicolin for 3 weeks left higher number of surviving cells compared to treatment for 4 weeks (Figure 2) , we evaluated the effect of salinomycin in glioma cells previously treated with aphidicolin for 3 weeks. In this experiment, despite the fact that 100% of surviving cells stained positive for the SA-β-gal marker (Figure 4 ), we observed re-growth in higher number of control wells (8/24, aphidicolin-treated for 3 weeks). In salinomycin (0.25-0.5 µM) treated wells few viable cells were observed compared to control wells and there was no evidence of re-growth (data not shown).
Long term exposure to high HU concentration induced expression SA-β-gal in 100 % of surviving cell fraction In DBTRG.05MG glioma cells, typical senescent cells were detected in HU or aphidicolin treated cultures after one week. Microscopic examination revealed that at week 1 a fraction of cells without typical morphology of senescence expressed the SA-β-gal marker (data not shown). At week 2, 100% of the cells expressed the SA-β-gal marker but with variable intensity: e.g. the intensity of the marker was very weak in some cells (Figure 4 , arrows). Prolonged treatment with HU for 3-4 weeks reduced the number of viable cells: e.g., at week 4 few cells survived and the intensity of the SA-β-gal signal was strong in all surviving cells (Figure 4) .
Discussion
In the present study we report that DBTRG.05 human glioma cells that survived prolonged exposure (3-4 weeks) to high concentration of HU (10 mM) or aphidicolin (2.5 µM) when re-incubated in drug-free media were able to re-enter the cell cycle and resume proliferation in a stochastic manner ( Figure  1) . The DBTRG.05 cell line have similar sensitivity to patient derived cell lines when treated with a menadione alone, vitamin C alone or a combination of menadione:vitamin C. 18 HU and aphidicolin are commonly used to synchronize cells for cell cycle studies. HU is also used as anticancer drug. We show here that salinomycin slowly depleted surviving cells ( Figure  3) . Remarkably, about 10 times lower salinomycin concentration than that necessary to kill HU-or aphidicolin-untreated cells (Figure 2 and literature data) [12] [13] [14] was able to prevent regrowth and slowly killed surviving cells ( Figure  3) . We chose salinomycin for a second phase because it was shown to target stem cells and it is widely accepted that surviving cells that are more resistant to chemotherapy may have stem cell properties. 20 The potential use of salinomycin for monotherapy as conventional anticancer agent may be limited by its toxicity to normal cells since relatively high concentration are needed to kill stem-like cells, e.g. i) in short term assays 1-5 µM salinomycin is required to induce apoptosis and inhibit proliferation of cancer cells, 12 ii) in long term assays, a small fraction of human leukemia stem cell-like KG-1a cells are able survive exposure up to 10 µM salinomycin for 12 weeks. 14 These data are in agreement with our results that showed that while the IC50 for DBTRG.05MG human glioma cells was around 1 µM, exposure to concentration >5 µM for at least one weak was required to prevent regrowth (Figure 2) . However, the higher sensitivity of HU-or aphidicolin-surviving cells to salinomycin compared to untreated cells open the possibility to use this drug for cancer treatment in a two-stage (or 2 Phases Treatment, 2PT) treatment regime. Similar as shown in Figure 3 , the first phase, using conventional anticancer drugs (or cocktails) would aimed at killing most cancer cells and maybe, if only sub lethal concentration would be reaching inside the tumour, to induce senescence in the fraction of surviving cells. The second phase using salinomycin would prevent re-enter of surviving cells into the cell cycle and/or kill them all. In mice, up to 72.5±3.6 ng/mL (96.5 µM) salinomycin can be reached in plasma after an iv 21 without signs of acute toxicity. Considering a brain/plasma ratio of 0.13±0.01, concentration of up to 12.5 µM can be reached in mice brain. 21 Humans might be more sensitive to salinomycin since this dose (by ingestion) was reported to produce severe toxicity. 16 The very low concentration (0.5 µM) required to deplete surviving cells (Figure 3) suggests that salinomycin might be useful since, at least in mice, the concentration required to deplete surviving cells compared to the concentration that can be reached in brain and plasma are between 25-50 and 193-386 times lower (12.5/0.5-0.25 and 96.5/0.25-0.5) respectively. Our finding that salinomycin, at concentration lower than the RC0 depleted surviving cells, encourage further studies to evaluate its potential use as a second phase agent for cancer treatment and guarantee further studies to expand our in vitro results and evaluate its potential toxicity to normal cells. The latter should be done in animal models rather than in normal cell lines (glial cells) to determine the toxicity to other types of neural cells. At the cellular level, tumour cells must remain viable for long time but without undergoing cell division which is a characteristic of senescent cells, in contrast to the temporarily arrested cells that re-enter the cell cycle within few days. Indeed, the fraction of HU surviving cells, showed three traits of senescence: i) arrested cell division; ii) expression of the SA-β-gal marker and iii) adoption of flat morphology by some cells (Figure 4) . Some of these surviving cells regrew when incubated in drug-free media. Thus, it is likely that surviving cells escape drug-induced cell death activating senescence (drug-induced senescence) and these cells escape the senescent statein a stochastic way when they are re-incubated in drug free media. Escape of DIS has recently been reported in lung cancer stem cells. 22 However, due to the fact that, in order to induce senescence, the authors treated the cells for only 120 h (5 days) but (as they showed) at least 7 days were required to induce senescence in 100% of the cells, it is possible that a small percentage of non-senescent cells were temporarily arrested. After 5 days of treatment, the authors detected that more than 95 % (but not 100%) of cells were positive for the SA-β-gal marker. Evasion from senescence is relatively common in cancer cells and cancer stem cells. 23 Two possibilities can explain their results: i) the small fraction of non-senescent cells (temporarily arrested) might simply re-enter the cells cycle when incubated in drug-free media or ii) the small fraction of SA-β-gal negative might have evaded senescence. In both scenarios it is difficult to conclude that cells escaped from the senescence state because those cells were never senescent.
Another study that reported escape from DIS also used short term exposure to drugs (3-4 days) in order to induce senescence 24 making it difficult to discriminate between a true escape from senescence state and evasion or temporary arrest. To circumvent this limitation, in the present study we used prolonged incubation time with anticancer drugs (HU and aphidicolin for at least 3-4 weeks) as well as prolonged re-incubation time in drug free media to observe for re-growth. This strategy makes more likely that 100 % of the surviving cells are senescent since, in addition to stop dividing all surviving cells expressed the SA-β-gal marker (Figure 4) . Thus, we provide evidence that drug-treated surviving cells can either remain in the senescent state for long time or re-enter the cell cycle (escape senescence) in a stochastic manner (Figure 1) . We conclude that activation of the senescence program is important for surviving continuous exposure to high concentrations of HU or aphidicolin and that senescent cells may be more sensitive to salinomycin compared to non-senescent cells. It is important to mention that in our experiments, glioma cells were grown in routine media suggesting that escape from senescence might not be restricted to cancer stem cells 22 but may also occur in any cancer cell. However, we recently developed a model (Stemness Phenotype Model, SPM) that proposes that all glioma cells have stem cell potential depending on the microenvironment. 25 If the SPM is true, any glioma cell might be able to escape DIS and, sooner or later form a new tumour. In a clinical context, the stochastic reentering into the cell cycle and re-growth of the tumour might explain why tumour relapse occurs at variable times after the primary cancer treatment. Therefore, depleting surviving (senescent?) cells or preventing them to reenter the cell cycle will be necessary in order to prevent tumour relapse.
Article
Although our study was limited to glioma cells, our findings i) open the possibility to develop a two phases therapeutic regime for other cancers that may deplete 100% of cancer cells preventing relapse and, ii) encourage further studies to explore the role of senescence in chemotherapy resistance in order to develop specific senescent cell targeting drugs.
